ABSTRACT -Rearrangement sequences of electron-transfer reactions of smallring compounds such as methylenecyclopropanes, methylenespiropentanes, spiropentanes and bicyclo[2.2.0]hexanes are characteristic of photogenerated c a t i o n radicals. Unlike t h e t h e r m a l unimolecular r e a r r a n g e m e n t s of t h e corresponding neutral molecules, key intermediates such as trimethylenemet h a n e , allylically s t a b i l i z e d 1,4-, cyclopropylbiscarbinyl, and cyclohexa-1,4-diyl cation radical intermediates were chemically captured. The polarit y of t h e r e a c t i o n s o l v e n t , e l e c t r o n -d o n a t i n g n a t u r e of t h e s u b s t r a t e s and t h e d e g r e e of donor a c c e p t o r i n t e r a c t i o n w e r e found t o b e i m p o r t a n t in these cation radical rearrangements. For instance, solvent polarity changed the rearrangement pathway of the cation radical spiropentane-methylenecycl o b u t a n e r e a r r a n g e m e n t . Significant s u b s t i t u e n t e f f e c t s on e l e c t r o n -t r a n - 
INTRODUCTION
Because e n e r g y b a r r i e r s of i n t e r n a l r o t a t i o n and c l o s u r e of short-lived biradicals a r e low, i d e n t i f i c a t i o n of t r u e biradical i n t e r m e d i a t e s in t h e r m a l unimolecular r e a r r a n g e m e n t s of n e u t r a l m o l e c u l e s is o f t e n difficult. In f a c t , t h e r e a r e many t h e r m a l unimolecular r e a rrangements known as hypothetical biradical pathways in which biradical intermediates eluded direct chemical capture (ref. 1) . The degenerate methylenecyclopropane and methylenespiropentane-biscyclopropylidene rearrangements via trimethylenemethane biradicals, the degenerate methylenecyclobutane and spiropentane-methylenecyclobutane rearrangements via allylically s t a b i l i z e d 1,4-and cyclopropylbiscarbinyl biradicals, and t h e C o p e r e a r r a n g e m e n t via cyclohexa-1,4-diyl are among the famous and intriguing cases in point. W e have investigated electron-transfer photoreactions of these systems from the viewpoint of cation radic a l c h e m i s t r y . O n e unique f e a t u r e of c a t i o n r a d i c a l c h e m i s t r y is t h a t key c a t i o n r a d i c a l i n t e r m e d i a t e s f o r m e d from p h o t o g e n e r a t e d ion r a d i c a l p a i r s c a n b e d i r e c t l y c a p t u r e d by conventional r e a g e n t s such a s molecular oxygen. The c r e d i b i l i t y of individual i n t e r m e d iates in these cation radical rearrangements was then evaluated by combination of such chemical capture with stereochemical analyses of the products and the rearrangement pathways. In the case of the cation radical degenerate methylenecyclopropane rearrangement, the CIDNP technique provided s t r o n g e v i d e n c e for t h e s t e r e o c h e m i c a l i d e n t i f i c a t i o n of a n i n t e r m e d ia t e . W e a l s o i n v e s t i g a t e d t h e s e r e a r r a n g e m e n t s in t e r m s of solvent and s u b s t i t u e n t e ffects, which a r e i m p o r t a n t not only for t h e i n i t i a l e l e c t r o n -t r a n s f e r process but also f o r s t a b i l i z a t i o n of t h e i n t e r m e d i a t e ion r a d i c a l species.
By changing solvent p o l a r i t y , divergent rearrangement pathways were found in the cation radical spiropentane-methylenecyclobutane r e a r r a n g e m e n t . S u b s t i t u e n t e f f e c t s on t h e ring c l e a v a g e of 1,4-diarylbicyclo-[2.2.0]hexanes uncovered an unprecedented Cope rearrangement which involves the bicyclo-[2.2.0]hexane system.
Plausible m e c h a n i s m s of t h e s e c a t i o n r a d i c a l r e a r r a n g e m e n t s a r e discussed, focussing on the nature and the role of cation radical intermediates.
TRIMETHYLENEMETHANE CATION RADICAL INTERMEDIATES GENERATED FROM METHYLENECYCLOPROPANE A N D METHYLENESPIROPENTANE CATION RADICALS (A) Electron-transfer photoreactions of 2,2-diaryl-l-methylenecyclopropanes
The t h e r m a l s t r u c t u r a l i s o m e r i z a t i o n s of m e t h y l e n e c y c l o p r o p a n e s w e r e f i r s t observed by Ullman in t h e t h e r m a l r e a c t i o n s of Feist's e s t e r s ( r e f . 2). Since t h e n , many e x a m p l e s of the methylenecyclopropane rearrangement have been found.
Although many stereochemical and kinetic experiments have been carried out to demonstrate a postulated trimethylenemethane biradical i n t e r m e d i a t e , r e c e n t e l e g a n t s t u d i e s of Berson e s t a b l i s h e d t h e s u b s t a n t i a l i t y of both singlet and t r i p l e t t r i m e t h y l e n e m e t h a n e b i r a d i c a l s ( r e f . 3 ) . W e w e r e i n t e r e s t e d in t h e s t r u c t u r e and r e a c t i v i t y of t h e c a t i o n r a d i c a l v a r i a n t and i n v e s t i g a t e d e l e c t r o n -t r a n s f e r photoreactions of 2,2-diaryl-l-methylenecyclopropanes (1) which thermally undergo the dege-
n e r a t e methylenecyclopropane r e a r r a n g e r e n t ( r e f . 4),but d o not undergo it p h o t o c h e m i c a ly ( r e f . 5). Under t h e p-chloranil ( C A , EITZ=+O.Ol V vs. SCE)-or anthraquinone (AQ, EiTi=-0.94 V)-sensitized conditions in acetonitrile, d2-la-d under o the degenerate methylenecyclopropane rearrangement.
The phenanthraquinone (PQ, Ei1$-0.66 V)-sensitized reactions of d 2 -l c (E7T2=+1.65 V) and d 2 -l d (E?T2=+1.35 V ) involved t e d e g e n e r a t e r e a r r a n g e m e n t , but less e l e c t r o n -d o n a t i n g d 2 -l a (EY,T2=+1.88 V ) and d 2 -l b (E7T2=+1.83 V ) did not undergo the degenerate rearrangement, indicating that the degenerate rearrangement occurs via an electron-transfer process.
The intermediacy of a trimethylenemethane cation radical was subs t a n t i a t e d by oxygenation r e a c t i o n s t o give dioxolanes ( r e f . 6). Under t h e s e n s i t i z e d c o nditions which involve the degenerate rearrangement, la-d were oxygenated.
The formation of CA-adducts in a c e t o n i t r i l e under Ar a l s o s u p p o r t s t h e i n t e r m e d i a c y of 2" ( r e f . 7). Similar oxygenations of 1 took place when the electron donor-acceptor complexes of 1 and tetrac y a n o e t h y l e n e w e r e i r r a d i a t e d in polar s o l v e n t s under O2 ( r e f . 8). One intriguing f e a t u r e of t h i s e l e c t r o n -t r a n s f e r r e a c t i o n is t h a t 1 did not r e a r r a n g e t o t h e t h e r m o d y n a m i c a l l y more stable 3.
The latter remained unchanged under various sensitized conditions, indicating that cation radicals 1" and 3" are different species in terms of their reactivities. . The observed polarization patterns from the photoreaction of Id and CA in a c e t o n e -d 6 s u g g e s t e d t h a t 2" is a b i s e c t e d s p e c i e s in which t h e spin density primarily localized in t h e ally1 moiety, while t h e c h a r g e is primarily localized in t h e d i a r y l m e t h y lene group. On the other hand, similar photoreaction of 3d suggested that 3.' is in essence a d i a r y l m e t h y l e n e c a t i o n radical. Thus, t h e d i f f e r e n t p h o t o r e a c t i v i t i e s of 1 and 3 c a n b e ascribed t o t h e i r d i f f e r e n t s t r u c t u r e s . In c a t i o n r a d i c a l 3'+, t h e spin and t h e c h a r g e which are localized only in the m y s t e m do not interact with the cyclopropane Walsh orbitals and t h e r e b y 3" r e s i s t s t h e ring cleavage. The b i s e c t e d t r i m e t h y l e n e m e t h a n e c a t i o n radical 2" c a n b e g e n e r a t e d from 1" in a l e a s t motion pathway by r o t a t i o n of t h e less bulky m e t h y l e n e group. l'*+ is ' then r e o r g a n i z e d again by t h e r o t a t i o n of t h e m e t h y l e n e group and not of t h e bulkier diphenylmethylene group. In support of t h e s u c c e s s i v e r o t ations of t h e less bulky group in t h e r e o r g a n i z a t i o n of methylenecyclopropane is t h e i r r eversible r e a r r a n g e m e n t of 4 t o 5. T h e 9,lO-dicyanoanthracene ( D C A ) -s e n s i t i z e d i r r a d i a t i o n of 4 in chloroform under Ar g a v e 5, while similar i r r a d i a t i o n of 5 did not give 4. However, evidence that the DCA-sensitized irradiations of 4 and 5 in oxygen-saturated acetonit r i l e g a v e dioxolanes i n d i c a t e s t h a t 6" is f o r m e d from both 4" and 5" by r o t a t i o n s of t h e less bulky d i m e t h y l m e t h y l e n e and m e t h y l e n e groups, respectively.
If t h e s u c c e s s i v e r o t a t i o n of t h e less bulky m e t h y l e n e group of 6" o c c u r s much f a s t e r t h a n t h a t of t h e dimethylmethylene group, 6 ' can predominantly give 5 ' ' .
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The ring cleavage of the a-type cation radical corresponding to 1" would occur without energy barr i e r , while t h e ring c l e a v a g e of t h e n-type c a t i o n r a d i c a l corresponding t o 3" r e q u i r e s higher activation energy (ref. 9).
( 6 ) Electron-transfer photoreactions of 2,2-diaryl-I-methylenespiropentanes
Because m e t h y l e n e s p i r o p e n t a n e (7) and biscyclopropylidene ( 8 ) possess t h e m e t h y l e n e c y c l opropane moiety, the ring cleavage a t the C2-C3 bond of 7 and C C 2 bond of 8 can generate biradical (9), through which t h e d e g e n e r a t e r e a r r a n g e m e n t of #-and t h e r e v e r s i b l e methylenespiropentane-biscyclopropylidene rearrangement between 7 and 8 are expected t o occur.
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However, upon pyrolysis a t 3 2 0°C 7 r e a r r a n g e s t o 1,2-and 1,3-bismethylenecyclobutanes, r e s p e c t i v e l y , through t h e t e t r a m e t h y l e n e e t h a n e and allylic-vinylic biradical i n t e r m e d i a t e s , while a t 210°C 8 irreversiblly rearranges t o 7. The reason why 7 did not rearrange t o 8 is ascribed t o serious instability of 8 under t h e pyrolysis conditions ( r e f . 10). In o r d e r t o s e a r c h for t h e r e v e r s i b l e methylenespiropentane-biscyclopropylidene r e a r r a n g e m e n t , e l e ctron-transfer photoreactions of 2,2-diaryl-l-methylenespiropentanes (10) were investigated. The 9,lO-dicyanoanthracene (DCA)-sensitized electron-transfer reaction of 10a in acetonitrile a t 10°C gave a 6.9:l photostationary mixture of l l a and 10a Similar photoreaction of l l a r e s u l t e d in t h e f o r m a t i o n of a 6.5:l p h o t o s t a t i o n a r y mixture. The 2,9,10-tricyanoanthracene (TRCA)-sensitized reactions of 10a and l l a also gave nearly the same photostationary mixture of 10a and l l a As expected from the thermal rearrangement of 8 to 7, l l a rearranged to 10a upon heating a t 80°C. The explanation for the predominant formation of l l a is that the methylene group of 12a'+ rotates faster than the cyclopropyl group when 10a and l l a a r e reorganized. This explanation, however, is not s u f f i c i e n t t o a c c o u n t for s u b s t i t uent effects on the photostationary ratios shown in Table 1 . The yield of 10 increases with an i n c r e a s e in e l e c t r o n -d o n a t i n g n a t u r e of diary1 s u b s t i t u e n t s , though t h e f o r m a t i o n of 1 1 is s t i l l f a v o r e d e v e n for dianisyl d e r i v a t i v e 10d which has t h e lowest oxidation p o t e n t i a l . B e c a u s e t h e DCA-fluorescence quenching r a t e c o n s t a n t s and t h e oxidation p o t e n t i a l s of 10 and 1 1 a r e n e a r l y t h e s a m e , t h e initial e l e c t r o n -t r a n s f e r process t o form 10" o r 11'' is assumed t o b e u n i m p o r t a n t in d e t e r m i n i n g t h e p h o t o s t a t i o n a r y ratio. W e assume t h a t t h e n a t u r e of c a t i o n r a d i c a l 1 1 would be r a t h e r i m p o r t a n t . Biscyclopropylidene has a low ionization potential (IP 8.93 eV) (ref. l l ) , which is much lower than that of methylenecyclopropane (9.60 eV) ( r e f . 12) but c o m p a r a b l e w i t h t h a t of phenylcycl2propane (8.71 eV)
( r e f . 1 3 ) . T h u s , t w o t y p e s of c a t i o n r a d i c a l s , i.e., t h e o -t y p e 11' a n d T -t y p e l l ' . ' would be generated from 11.
Because the electron-donating nature of the diary1 substituents is of primary importance for the generation of l l . ' , a more electron-donating substit u e n t such a s t h e anisyl group will i n c r e a s e t h e c o n t r i b u t i o n of 11.' which, like l*+, will readily undergo t h e ring cleavage. By c o n t r a s t , a s t h e oxidation p o t e n t i a l i n c r e a s e s , t h e c o n t r i b u t i o n s of 11. ' d e c r e a s e s and t h a t of t h e m o r e s t a b l e l l ' . ' r e l a t i v e l y increases. The predominant formation of 1 1 is consistent with the predoninant contribution of 1 l ' . '
which, like 3", will be reluctant to undergo the ring cleavage.
DIVERGENT REARRANGEMENT PATHWAYS IN THE CATION RADICAL SPIROPENTANE-METHYLENECYCLOBUTANE REARRANGEMENT
Doering had proposed that the thermal unimolecular rearrangement of spiropentane to methyle n e c y c l o b u t a n e o c c u r s via t w o successive bond cleavages. F i r s t , t h e C l -C 2 bond c l e a v a g e gives t h e cyclopropyl-1,l-biscarbinyl biradical which is successively c o n v e r t e d t o t h e allylically s t a b i l i z e d 1,4-biradical. The l a t t e r biradical is known a s an i n t e r m e d i a t e in the thermal degenerate methylenecyclobutane rearrangement (ref. 14) . However, the possibility of a symmetry-allowed concerted rearrangement was proposed in the rearrangements of 1-carbomethoxy-2,4-dimethylspiropentanes (ref. 15) .
We investigated electron-transfer photoreactions of 1,l-diarylspiropentanes and found that two independent pathways compete in the c a t i o n r a d i c a l spiropentane-methylenecyclobutane r e a r r a n g e m e n t ( r e f . 16), i.e., t h e r e a r ra n g e m e n t t o 1-(diary1methylene)cyclobutane o c c u r s predominantly in a c o n c e r t e d manner, whereas the rearrangement t o the thermodynamically less stable 2,2-diaryl-l-methylenecyclob u t a n e o c c u r s in a s t e p w i s e manner, involving cyclopropyl-1,l-biscarbinyl and allylic 1, 4-cation 13d in ace onitrile, 14d and 15d were isolated in 33 and 26% yields, r e s p e c t i v e l y , a f t e r 79% conversion of 13d. The f o r m a t i o n of 14d and 15d was a l s o observed in less polar solvents such a s d i c h l o r o m e t h a n e , chlo oform and benzene, though t h e i Ids d e c r e a s e d . When 2,4,7-trinitrofluorenone (TNF, ELed-0.42 V) o r p-chloranil (CA, E1yez+O.Ol V) was used as an electron-acceptor sensitizer, {&and 15d were similarly formed!2However, under the CA-sensitized conditions large amounts of 16d were isolate d as a secondary CA-adduct in acetonitrile and dichloromethane. Experimental results for 13d o b t a i n e d under various s e n s i t i z e d conditions a r e shown in Table 2 t o g e t h e r with t h o s e f o r t h e less e l e c t r o n -d o n a t i n g 13a, 13b and 13c. An intriguing f e a t u r e of e l e c t r o n -t r a n s f e r p h o t o r e a c t i o n s of 13 is t h a t t h e 14/15 r a t i o depends significantly on solvent polarity and t h e s e n s i t i z e r . T h e 14/15 r a t i o i n c r e a s e s with a n i n c r e a s e in solvent polarity. T h e CAsensitized photoreactions in acetonitrile gave exclusively the thermodynamically more stable 14, while the AQ-and TNF-sensitized photoreactions gave 14 together with comparable a m o u n t s of 15. Similar solvent e f f e c t s w e r e a l s o observed in t h e 9,lO-dicyanoanthracene (DCA)-sensitized photoreactions of 13 as shown in Table 2 .
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sens. 
f a i l e d t o i n t e r c o n v e r t under t h e s e s e n s i t i z e d conditions, t h e observed
solvent e f f e c t s on t h e product r a t i o 14/15 c a n not be explained by a single mechanism through a common intermediate such as 17'+ or 1 8 + , but rather suggest that two independent processes a r e operative for the formation of 14 and 15. Assuming that the separation of p h o t o g e n e r a t e d ion r a d i c a l p a i r s is f a c i l i t a t e d by a n i n c r e a s e in solvent polarity, t h e f a c t t h a t t h e 14/15 r a t i o i n c r e a s e s w i t h an i n c r e a s e in solvent p o l a r i t y would s u g g e s t t h a t 14 and 1 5 a r e g e n e r a t e d b e f o r e and a f t e r t h e s e p a r a t i o n of t h e ion r a d i c a l pairs, respectively. On t h e basis of t h i s assumption, a plausible mechanism is shown in S c h e m e VI.
Solvents of higher d i e l e c t r i c c o n s t a n t f a c i l i t a t e t h e s e p a r a t i o n of t h e c o n t a c t ion r a d i c a l pairs [13'+A.-] t o solvent s e p a r a t e d ion r a d i c a l pairs (SSIP) o r f r e e ion r a d i c a l s (FI)
, in which the C1-C2 bond of 13 is weakened, but not cleaved completely. The direct C4 t o C2 bond migration then occurs so as t o give 14' which is thermodynamically more stable t h a n 15'+. Because ion r a d i c a l p a i r s a r e m o r e polar t h a n [13'+TNF*-] and in which t h e spin and c h a r g e l o c a l i z e o v e r t w o or t h r e e b e n z e n e rings, t h e separation of [13+A.-] would be most facilitated for the combination of 1 3 + with CA'-in which the spin and charge localize only in one benzene ring.
The exclusive formation of 14 in acetonitrile under the CA-sensitized conditions can be accounted for by this mechanism. By c o n t r a s t , [13'+A.-] subsequently c o l l a p s e t o and [18'+A'-] within ion r a d i c a l pairs, keeping a t i g h t ion pair i n t e r a c t i o n which is i m p o r t a n t f o r s t a b i l i z a t i o n of ion r a d i c a l p a i r s in t h e less polar solvents. B e c a u s e t h e bulkier d i a r y l m e t h y l e n e group of 18" is orthogonal t o t h e C 2 -C 3 bond, t h e f o r m a t i o n of t h e thermodynamically less s t a b l e 15.' r e q u i r e s only t h e r o t a t i o n of t h e C4 m e t h y l e n e group, but not of t h e d i a r y l m e t h y l e n e group. Evidence that oxygenation products such a s 19 and 20 a r e formed only under conditions w h e r e 15 is f o r m e d in m o d e r a t e yields support 18" a s t h e d i r e c t p r e c u r s o r of 15". This sequential process resembles the cation radical degenerate methylenecyclopropane rearrangement of d2-1.
The yield of 15 thus incereases as solvent polarity decreases. If these mechanisms are operative, the rearrangement t o 1-(diarylmethy1ene)cyclobutanes would occur with high stereoselectivity, whereas stereorandomization would be expected for the formation of 2,2-diaryl-l-methylenecyclobutanes. In -, anti,cis-and syn,cis-1, l-diphenyl-4,5-dimethylspiropentanes (21) were investigated. Three isomers were prepared by the p r o c e d u r e r e p o r t e d ( r e f . 18). The r e a c t i o n of t h e 2,2-diphenylcyclopropyl c a r b e n e w i t h trans-2-butene g a v e trans-21, while t h e r e a c t i o n w i t h cis-2-butene g a v e a 8 : l m i x t u r e of a n t i , c i s -2 1 and syn,cis-21. Anti,cis-21 and syn,cis-21 w e r e s e p a r a t e d and t h e minor syn,-cis-21 was independently prepared from cis-2,3-dimethyl-l-diphenylmethylenecyclopropane. Table 3 . CA-and DCA-sensitized photoreactions of trans-, anti,cis-and syn,cis-21 i r r a d .
y i e l d s (%) time 22 23 21 sens. solvent (min)a t r a n s c i s t r a n s c i s aphotolyzed by using a 2kW xenon lamp; bless than 1%
As shown in Table 3 , trans-22 and cis-22 were stereospecifically formed from trans-21 and syn,cis-21, r e s p e c t i v e l y , a s a major product in a c e t o n i t r i l e , while t h e f o r m a t i o n of 2 3 from t r a n s -2 1 and syn,cis-21 is nonstereospecific. Interestingly, anti,cis-21 g a v e n e i t h e r trans-22 nor cis-22, b u t exclusively g a v e 24, which w a s also f o r m e d from trans-21. T h e stereospecific formations of trans-22 and cis-22 can be well accounted for by the concerted [o2a+a2s] pathway with r e t e n t i o n a t C 2 and r e t e n t i o n a t C 4 ( r e f . 1 5 ) in trans -21" and syn,cis-21'+. T h e r e t e n t i o n pathway a t C 2 and C 5 i n trans-21*+ c a n also a f f o r d trans-22, but t h i s process d o e s not o p e r a t e b e c a u s e of s i g n i f i c a n t s t e r i c repulsion. In f a c t , anti,-cis-21" d o e s not give cis-22, but i n s t e a d t h e s u c c e s s i v e C C3 and C4-C5 bond c l e a v a g e s (ref. 19) led t o 24. The formation of a mixture of trans-2j-and cis-23 which is favored in less polar s o l v e n t s c a n b e explained by a s e q u e n t i a l mechanism through 27" and 28".
T h e s e r e s u l t s provide an e x a m p l e of c h a r a c t e r i s t i c r e a r r a n g e m e n t s of c a t i o n r a d i c a l s in which the rearrangement sequence is changed by the degree of the donor-acceptor interaction in the photogenerated ion radical pairs.
. CHAIR A N D BOAT CYCLOHEXA-1,4-DIYL CATION RADICAL INTERMEDIATES IN THE CATION RADICAL COPE REARRANGEMENT
Thermochemical-kinetic arguments have denied a mechanistic connection between the 1,5-hexadiene and bicyclo[2.2.0]hexane s y s t e m s in t h e C o p e r e a r r a n g e m e n t (ref. 20) . T h e e n e r g y of t h e cyclohexa-1,4-diyl g e n e r a t e d f r o m bicyclo[2.2.0]hexane (ref. 21 ) is about 5 kcal/mol higher than that of the six-membered cyclic transition state.
Thus, the cyclohexa-1,4-diyl does not serve a s an intermediate in the thermal unimolecular Cope rearrangement, though t h e process is s t i l l t h e o r e t i c a l l y a r g u e d ( r e f . 22).
In c o n t r a s t , we previously demonstrated the chair cyclohexa-l,4-diyl cation radical intermediate in the cation radical Cope r e a r r a n g e m e n t of 3,6-diaryl-2,6-octadienes ( r e f . 23). W e f u r t h e r i n v e s t i g a t e d t h e c a t i o n radical Cope rearrangements in terms of substituent effects and found that the rearrangements of the tolyl derivatives a r e accompanied by the formation of the bicyclo[2. meso-30 (19%) and cBH-31 (16%). Meso-30 and cBH-31 similarly gave nearly the same photos t a t i o n a r y m i x t u r e in e x c e l l e n t yields.
Molecular oxygen trapping of t h e i n t e r m e d i a t e s g a v e t h e s a m e s t e r e o c h e m i c a l r e s u l t s a s t h o s e r e p o r t e d previously ( r e f . 23). One c h a r a ct e r i s t i c f e a t u r e in t h e s e e l e c t r o n -t r a n s f e r p h o t o r e a c t i o n s is t h a t t h e bicyclo[2.2.0]hexane system is in equilibrium with the Cope system, which is unprecedented in the Cope rearrangement. By combining these results the mechanism shown in Scheme VIII can be proposed to account for the stereospecific rearrangements of EE-29, .
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The initial c y c l i z a t i o n s of and EE-29" a f f o r d , r e s p e c t i v e l y , aaC-32" and e e C -32", while d l -3 0 ' could c y c l i z e t o e i t h e r .
However, eeC-32" is probablly less s t a b l e than aaC-32" b e c a u s e of s t e r i c repulsion b e t w e e n t h e m e t h y l and t h e tolyl group. Thus, dl-30" predominantly c y c l i z e s t o aaC-32", and eeC-32" irreversiblly r e a r r a n g e s t o a a C -32" through tB-33'' o r undergoes t h e ring c l e a v a g e t o give dl-30.'.
T h e s e p r o c e s s e s and the ring cleavage of aaC-32'' result in the reversible Cope between and the irreversible Cope from EE-29 t o On the other hand, because tB-33.' does not i n c o r p o r a t e flagpole hydrogens, t h e e n e r g y d i f f e r e n c e b e t w e e n aaC-32" and tB-33" would b e much s m a l l e r t h a n t h a t b e t w e e n c h a i r and b o a t cyclohexanes. Thus, tB-33.' c a n survive as a long-lived intermediate comparable to aac-32". If the r$te of the C C bond cleavage of tBH-31.' is comparable with that of reclosure of tB-33' t o tBH-31''; h-33" is no longer a masked intermediate in the Cope rearrangement pathway.
tBH-31.' enters and leaves a Cope rearrangement channel through tB-33.+.
Similar arguments taking account of aeC-32" and cB-33" can rationalize the formation of a photostationary mixture of and cBH-31 a s shown in Scheme IX. Our experiments verified the intermediacy of not only t h e c h a i r (ref. 24) but also of t h e boat cyclohexa-1,4-diyl c a t i o n radical intermediates in the Cope rearrangement pathway.
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